The genome of the cyanobacterium Synechococcus elongatus PCC 7942 contains four dnaJ homologs, which are classified into three types based on domain structure. Among these, dnaJ1, dnaJ2, and dnaJ3 are essential for normal growth, and hence we analyzed them with a view to characterizing their specificity. Expression analysis indicated that dnaJ2, which encodes type II DnaJ protein, exhibited typical responses to heat and high-light stresses. Their localization and ability to prevent aggregation of luciferase were also diverse, suggesting a possible functional differentiation of these proteins. Since the expression of dnaJ1, which belongs to conserved type I DnaJ, down-regulated under heat stress, the unique structure of DnaJ2 may be involved in stress responses of S. elongatus. Based on phylogenetic analysis, the diverse dnaJ family was assumed to have evolved its own specific functions in each cyanobacterial species.
Cyanobacteria are prokaryotes that are closely related to chloroplasts of higher plants in the view of oxygenic photosynthesis. Because they constitute a diverse and remarkable group of organisms, having survived various environmental stress conditions since ancient times, it is interesting to study the functions of their stress proteins.
DnaK (Hsp70), one of the major stress proteins, is a member of the molecular chaperones, which assist in protein homeostasis. We have identified three dnaK homologs in the obligate photoautotrophic cyanobacteria Synechococcus elongatus PCC 7942. [1] [2] [3] Their essentiality, localization, and expression pattern were diverse 1, 4) (Sato et al., unpublished), suggesting a possible functional differentiation of these proteins. The general function of Hsp70 chaperone is binding to proteins in non-native states and releasing them by the ATPase cycle. However, due to the weak ATPase activity of Hsp70, co-chaperones, such as members of the Hsp40 (DnaJ) family, are needed for stimulation of ATP hydrolysis. 5) Hsp40 is also major stress protein, and a large number of its homologs have been identified in both prokaryotes and eukaryotes. All the members of the Hsp40 family contain the J domain, through which they bind to their partner Hsp70s. 6, 7) Between Hsp70s and Hsp40s, there is specificity in interactions, 8, 9) and it is proposed that their selectivity might describe how Hsp70 and their Hsp40 partners cooperate to manipulate substrates. Therefore, study of Hsp40 is important to determining the functional assignment of Hsp70.
From the results of a genome sequencing project, it is known that the S. elongatus genome contains four dnaJ homologs. Since the presence of a multigene family of dnaK and dnaJ is rare in prokaryotes, we examined the characters of these dnaJ genes to determine the significance of multiple dnaK or dnaJ genes in cyanobacteria. Expression analysis indicated that only dnaJ2, which encodes type II DnaJ protein lacking the cysteine repeats of prototypical DnaJ, 10) was up-regulated under stress conditions. Together with phylogenetic analysis, here we describe the structural features and roles of S. elongatus DnaJ.
Materials and Methods
Bacterial strains, plasmids, and culture conditions. Unless otherwise indicated, wild-type S. elongatus PCC 7942 were grown photoautotrophically at 30 C in BG-11 medium 11) under bubbling with air and continuous illumination (40 mE/m 2 /s). Where appropriate, the medium was supplemented with chloramphenicol or spectinomycin at a final concentration of 7.5 or 40 mg/ ml respectively. dnaJ gene disruption. Each dnaJ gene disruption was carried out via homologous recombination with PCRgenerated fragments. The primary PCR-generated fragy To whom correspondence should be addressed. Tel: +81-3-5477-2758; Fax: +81-3-5477-2668; E-mail: hiyoshik@nodai.ac.jp ments contained about 600-bp of the upstream (using primers À1 and À2, Table 1 ) and downstream (primers À5 and À6) sequences of the target gene; both overlap at either end of the PCR-generated fragment containing the antibiotic gene marker (primers À3 and À4). The template for the chloramphenicol-and spectinomycinresistant genes was pAM990.
12) The three-piece primary PCR fragments were recombined by the recombinant PCR method, 13) in which the antibiotic marker is located at a site between up-and downstream of the target gene. The PCR primers used in this study are listed in Table 1 . Pyrobest DNA polymerase or ExTaq DNA polymerase (Takara, Shiga, Japan) was used for PCR. The resulting fragments were transformed into S. elongatus according to the method described by Porter et al. 14) Transformants were grown on a BG-11 agar plate containing chloramphenicol for disruption of dnaJ1 and dnaJ2, and spectinomycin for dnaJ4.
RT-PCR. Total RNA was purified with an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, and contaminating DNA was removed by DNase I (Amersham Pharmacia biotech, Buckinghamshire, UK). For RT-PCR, 1 mg of total RNA was reverse-transcribed using a BcaBESTÔ RNA Kit Ver.1.1 (Takara) as directed by the manufacturer. PCR reactions (94 C 30 s, 55 C 30 s, 72 C 1 min, 28 cycles, and 72 C 5 min) were performed with the ORF-specific primers listed in Table 1 (the forward and reverse primers were named-f and -r respectively). For amplification of rrn23Sa1 cDNA, PCR reactions were performed under 10 cycles.
Western blot analysis. Subcellular fractionation and Western blot analysis were carried out as previously described. 15, 16) To detect DnaJ1, DnaJ2, and DnaJ3, rabbit antisera specific to these respective DnaJ proteins were raised using polypeptides derived from the Cterminal regions of the proteins (Japan Lamb, Tokyo), 17) and 75, 30, and 60 mg of proteins from each fraction were used, respectively.
Protein purification and aggregation protection assay. Each DnaJ protein was prepared by overexpression in E. coli BL21 (DE3) using pETNH plasmid. pETNH plasmid was constructed by ligating DNA fragment containing six His residues, which were prepared by annealing of oligonucleotide 6His-f and 6His-r (Table 1) , resulting in the formation of cohesive ends for NdeI and EcoRI sites, with the same restriction fragment of pET21b (Novagen, San Diego, CA). To express DnaJ1 and DnaJ3, PCR fragments amplified with primers NdeJ1-f and XhoJ1-r2, and EcoJ3-f and XhoJ3-r (Table 1) , respectively, were cloned into pETNH. Purification of each DnaJ protein was performed as DnaJ2 was purified previously. 18) Suppression of thermally induced protein aggregation by each DnaJ was determined according to Fan et al., 19) except that all the heated reaction mixture was subjected to centrifugation (17;400 Â g) to separate it into supernatant and precipitates. One hundred nM of native firefly luciferase (Roche Diagnostics, Mannheim, Germany) was mixed with each DnaJ protein as indicated, and Western blot analysis was carried out using anti-luciferase antibody (Sigma-Aldrich, St. Louis, MO) and horseradish peroxidase-conjugated anti-rabbit immunoglobulin G antibody (GE Healthcare, Buckinghamshire, UK) as the primary and secondary antibody respectively.
Sequence retrieval and phylogenetic analysis. Sequences of DnaJ and DnaJ-like proteins were obtained from KEGG (http://www.genome.jp/kegg/) 20) and CY-ORF (http://cyano.genome.jp/). To classify cyanobacterial DnaJs, we retrieved ORF sequences that contain the J domain at the N-terminus and the DnaJ C terminal region (Pfam: PF01556). All retrieved ORFs contained the HPD 21) motif in the J domain. Motif analysis was performed by Pfam (version 20.0) 22) searched on the 
web http://www.sanger.ac.uk/Software/Pfam/. The amino acid sequences of the ORFs were initially aligned using CLUSTAL X (version 1.83), 23) and adjusted to minimize insertion/deletion events. For phylogenetic analysis, the conserved J domain and the C terminal region were used, giving a total of 184 amino acid positions for all sequences. The tree was generated with CLUSTAL X by neighbor-joining analysis, in conjunction with an NJplot 24) for final output generation.
Results
The character of each DnaJ protein in Synechococcus elongatus PCC 7942
The genome of S. elongatus revealed the presence of 4 dnaJ homologs, dnaJ1 (Synpcc7942 2074), dnaJ2 (Synpcc7942 1789), dnaJ3 (previously named dnaJ 7942 , Synpcc7942 2579), and dnaJ4 (Synpcc7942 0266). According to structural domains, they can be divided into three types, known as the typical classification of Hsp40 (Fig. 1A) . Type I proteins includes the J domain, the G/F-rich region, and cystein repeats; Type II includes the J domain, and G/F-rich region, but lacks cystein repeats; Type III includes the J domain only. 10) It has been reported that Escherichia coli DnaJ, which belongs to type I, is dispensable, 25) while S. elongatus DnaJ3 is essential for normal growth. 17) To determine whether the other three DnaJs are essential to S. elongatus cell growth, we attempted to disrupt those genes. As a result of homologous recombination, in which we used a PCRfragment containing the antibiotic gene marker flanked by the up-and downstream sequences of the target gene, all chromosomal copies of dnaJ4 were replaced with antibiotic genes, whereas dnaJ1 and dnaJ2 were not disrupted completely, as was the case for dnaJ3.
17) The dnaJ1 and dnaJ2 disruptants appeared on the plate as tiny colonies, and PCR analysis using isolated chromosomes from these transformants showed that approximately 20% and 70% of the chromosome copy remained unreplaced, respectively. Moreover, those PCR fragments corresponding to the wild-type alleles were still observed after three consecutive patches (data 10) The J domain, G/F-rich region, and cystein repeats are indicated as black, shaded, and white bar respectively. Type II Ã indicates the DnaJ protein, which contains a G/F-rich region that is not similar to that of the type I sequence (see text). B, Expression analysis of three essential dnaJ genes. Total RNA was isolated from cells subjected to heat (45 C) or high-light (400 mE/m 2 /s) stress, and RT-PCR analyses using the primers specific for each dnaJ genes were carried out with rrn23Sa1 (23S rRNA) or ppc (phosphoenolpyruvate carboxylase) as control for each stress (upper and lower illustration, respectively). Time 0 indicates the point at which cells (OD 750 À 0:6) were exposed to each stress. Quantification of dnaJ1 (circles), dnaJ2 (triangles), and dnaJ3 (squares) transcripts are depicted on the right as the means of measurements from at least three independent experiments. Values are normalized with the control and expressed as the ratio to the level at time 0. not shown). These results suggest that three of four dnaJ homologs are essential to S. elongatus, as indicated in Fig. 1 . Hence we focused on three essential DnaJ proteins whose domain structures are variable and analyzed their stress responses. Figure 1B shows the RT-PCR data for dnaJ1, dnaJ2, and dnaJ3 under heat and high-light stresses. Among them, only dnaJ2 transcripts accumulated significantly under both stresses, whereas dnaJ1 and dnaJ3 showed a very slight response. The levels of dnaJ1 and dnaJ3 mRNA were slightly increased under the high-light condition, while dnaJ1 transcripts diminished temporary under the heat-stress condition.
Subcellular localizations of the DnaJ proteins
We studied differences in subcellular localization among these three proteins. The log-phage cell pellet was subjected to fractionation to separate the membrane fraction that contains thylakoid membranes 15, 16) from the cytosolic fraction. From the results of Western blot analysis using these fractions, only DnaJ2 was mainly located in the cytosol (Fig. 2) . Detection of a large fraction of DnaJ3 in the membrane was consistent with a previous report.
17)
Ability of the DnaJs to prevent protein aggregation Since the three essential DnaJ proteins in S. elongatus were different in structure, stress response, and subcellular localization, we attempted to analyze their functional divergence in vitro. DnaJ has been shown to prevent aggregation of substrate protein by itself, 26) and thus the ability of the three DnaJs to suppress the thermally induced aggregation of native luciferase was compared (Fig. 3) . Upon incubation of native luciferase at 42 C for 10 min alone, about 95% of it formed aggregates that could be recovered as precipitate from reaction cocktails by centrifugation (Fig. 3N) . When DnaJ1 was added to the reaction mixture during heat treatment, luciferase aggregation was suppressed partially, and its ability was higher than that of DnaJ2 or DnaJ3.
Classification of cyanobacterial DnaJ
In S. elongatus, only DnaJ2 exhibited a marked stress response and cytosolic localization, although it is a type II DnaJ protein lacking cystein-rich region. To know whether type II DnaJ proteins are generally conserved in cyanobacterial species, we analyzed the distribution of each type of DnaJ among 11 cyanobacteria as well as E. coli and B. subtilis. A number of DnaJ-like proteins that contain only the J domain (including type III) and are functionally distant have been conserved in cyanobacteria. Therefore, in order to analyze ORFs related to canonical DnaJ, we limited to retrieve ORFs conserving the J domain at their N-terminus and the DnaJ Cterminal region (Pfam: PF01556), which is known to be essential to the dimerization and chaperone activity of E. coli DnaJ 27) (see ''Materials and Methods''). Thus, S. elongatus DnaJ4, which does not have the C terminal region, was eliminated from this analysis. Since the G/ F-rich region, which is important for discrimination of DnaJ type, tends to show variable length and glycine content, 10) motif analysis often failed to identify this region, and hence classification of these DnaJs was impracticable. Therefore, we adopted phylogenetic analysis. The result is shown in Fig. 4 . Thus we could classify these DnaJs into three (Table 2) , and consequently detect regions rich in glycine and phenylalanine residues in both type I and type II. Note that the G/Frich regions identified in type I DnaJs in cyanobacteria, E. coli, and B. subtilis exhibited high conservation and strictly contained the DIF motif. 28) While cyanobacterial DnaJ defined as type II actually contains a region rich in glycine and phenylalanine residues between its J-domain and C terminal region, it is, dissimilar to the G/F-rich region of type I and lacks a DIF motif (data not shown). In some cyanobacterial strains, type II DnaJ was not identified, whereas type I appeared to be strictly preserved in all cyanobacteria.
Discussion
Expression analysis showed that among the three essential dnaJ genes, only dnaJ2 exhibited a typical stress response in S. elongatus (Fig. 1B) . Having a G/Frich like region, DnaJ2 was postulated to belong to type II DnaJ protein, which lacks a cystein repeat region (Figs. 1A and 4) . Expression of the type I dnaJ gene in E. coli and in B. subtilis is known to increase under heat stress conditions, 29, 30) whereas cbpA, a type II dnaJ of E. coli, does not show heat induction. 31) However, S. elongatus dnaJ1, which is most similar to E. coli type I dnaJ, did not show a marked stress response, but rather down-regulated under heat stress. Together with our finding that only the expression of dnaK2 was induced under various stress conditions (Sato et al., unpublished), 1) DnaK2 and DnaJ2 might cooperate in maintaining cell conditions as molecular chaperones under changing environmental conditions. Accordingly, it is a reasonable result that DnaJ2 is located mainly in the cytosol (Fig. 2) as DnaK2. 4) On the S. elongatus genome, dnaJ1 is located downstream of dnaK1, whose translation products are known to be diminished upon temperature up-shift, 1) suggesting that these genes are co-transcribed by the same regulatory mechanism. On the other hand, dnaK2 and dnaJ2 showed similar stress responses (Sato et al., unpublished) (Fig. 1B) , though these genes are identified as orphan genes. Since no An unrooted phylogenetic tree was constructed from DnaJ-like proteins in 11 cyanobacteria strains and those of E. coli and B. subtilis, and by the NJ distance method, as described in ''Materials and Methods.'' The lengths of the branches are proportional to the inferred evolutionary distances (scale at the top). Bootstrap scores with 1,000 replicates are given, associated with each node (above 50% are shown). Each type presented at the right indicates a structural classification (Fig. 1) of cyanobacterial DnaJ proteins. Type II Ã is as described in the legend to Fig. 1 . ORF names are indicated as KEGG ID. 20) Derived organism names are listed in Table 2 in proper form. known regulatory sequence was detected in their upstream regions, it is important to find the mechanism of these stress responses. Phylogenetic analysis revealed that the dnaJ gene conserved strictly in all cyanobacterial lineages was not type II but type I (Fig. 4) , and thus this type of gene can respond to several stresses in the strain having only one dnaJ gene. On the other hand, Mary et al. reported high-light induction of dnaJ-like genes in two Prochlorococcus strains, which are not listed in Fig. 4 or Table 2 because of their low homology. 32) Thus the possibility that DnaJ-like proteins, including type III DnaJs, not having conserved ''C terminal region'' have functions in adaptive stress responses cannot be excluded. Presumably, diverse dnaJ family members have acquired their own specific functions in each species during evolution.
An aggregation protection assay showed little difference in ability of the three essential DnaJ proteins to prevent thermal aggregation of luciferase. DnaJ1 suppressed aggregation more than the other two did. We assumed that this observation reflects the structural variation of the three DnaJs, since it has been reported that cystein repeats of type I DnaJ is important in binding denatured protein substrate.
33) The G/F-rich region is important for DnaK's substrate binding activity, 34, 35) and substitutions in the DIF motif, which is conserved in the G/F-rich region of many DnaJ proteins, including cyanobacterial type I DnaJ, slow down significantly the steady state ATPase cycle of the DnaK/DnaJ/GrpE chaperone machine.
36) It should be noted that DnaJ2, which exhibitis a typical stress response, does not contain the DIF motif, raising the question whether it cooperates with DnaK partner. It remains uncertain how DnaJ2 functions, and why DnaJ1, the only type I DnaJ in S. elongatus, was down-regulated under stress conditions. Multiple alignment of amino acid sequences of cyanobacterial DnaJ proteins showed that DnaJs defined as type II contained sequences rich in glycine and phenylalanine between the J-domain and the C terminal region (Fig. 1A) . Although they share homology within type II proteins, no similarity was observed to the G/F-rich region of type I, or conserved in the DIF motif. CbpA, a type II DnaJ in E. coli, is rather exceptional in point of the existence of the DIF motif, but it does not respond to heat stress. Because three of the four DnaJs were essential for normal growth (Fig. 1A) , they might have specific functions independent of stress responses. In fact, type III DnaJ might not function as a molecular chaperone, 9) and localization of both DnaJ3 and DnaK3 to thylakoid membrane 4, 17) (Fig. 2) suggests their unique function. The presence of multiple dnaJ and dnaK is a characteristic feature of cyanobacteria, and hence various DnaJs should confer various and specific functions of DnaK via a diverse partnership, which may be an essential system for cyanobacteria. Further studies on these partnerships may answer why cyanobacteria have survived in various environmental conditions for such a long time.
